This is Part 1 of a two-part paper considering the performance of radial diffusers for use in a high performance centrifugal compressor. Part 1 reports on discrete-passage diffusers (shown in Fig. 1) while Part 2 describes a test of a straight-channel diffuser designed for equivalent duty. Two builds of discrete-passage diffuser were tested, with 30 and 38 separate passages. Both the 30 and 38 passage diffusers investigated showed comparable range of unstalled operation and similar level of overall diffuser pressure recovery.
The paper concentrates on the influence of inlet flow conditions on the pressure recovery and operating range of radial diffusers for centrifugal compressor stages. The flow conditions examined include diffuser inlet Mach number, flow angle, blockage, and axial flow non-uniformity. The investigation was carried out in a specially built test facility, designed to provide a controlled inlet flow field to the test diffusers. The facility can provide a wide range of diffuser inlet velocity profile distortion and skew with Mach numbers up to unity and flow angles of 63°t o 75 0 from the radial direction. The consequences of different averaging methods for the inlet total pressure distributions, which are needed in the definition of diffuser pressure recovery coefficient for non-uniform diffuser inlet conditions were also assessed. The overall diffuser pressure recovery coefficient, based on suitably averaged inlet total pressure, was found to correlate well with the momentumaveraged flow angle into the diffuser. Furthermore the pressure recovery coefficient was found to be essentially independent of ' CurrentAddress: Praxair, Inc. Technology Center, Tonawanda, NY 14151 On leave from Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, Cambridge, MA 02139 the axial distortion at diffuser inlet, and the Mach number, over the wide flow range (from maximum flow to the beginning of flow instabilities) investigated. It is thus shown that the generally accepted sensitivity of diffuser pressure recovery performance to inlet flow distortion and boundary layer blockage can be largely attributed to inappropriate quantification of the average dynamic pressure at diffuser inlet. Use of an inlet dynamic pressure based on availability or mass-averaging in combination with definition of inlet flow angle based on mass average of the radial and tangential velocity at diffuser inlet removes this sensitivity.
NOMENCLATURE
A flow area AR area ratio (diffuser exit area over the area at the throat) AS aspect ratio (= b/Wth) B blockage, defined in Eq. (9) Cp pressure recovery coefficient, defined in Eq. (1) Cp pressure recovery coefficient based on availability-averaged diffuser inlet dynamic pressure, defined in Eq. (3) CPa pressure recovery coefficient based on the area-averaged diffuser inlet dynamic pressure CPb pressure recovery coefficient based on the diffuser inlet maximum total pressure Cpc pressure recovery coefficient based on the area-averaged diffuser inlet absolute velocity and static density L length of the diffuser channel LWR length to width ratio of the diffuser channel (= L/W t ) M Mach number N impeller rotational speed (revolutions per minute) Ps static pressure Pt total pressure P, availability-averaged total pressure, defined in Eq. (2) Re Reynolds number(= Vbtv) W t h width of the diffuser throat Zb number of impeller blades Z number of diffuser passages b diffuser depth m mass flow rate r radius or radial coordinate, orthogonal to x and 8 x linear coordinate in the axial direction of the machine a flow angle, relative to the radial or meridional direction an flow angle non-uniformity, defined in Eq. (8) The radial diffuser plays an important role in establishing the overall efficiency and pressure rise of a centrifugal compressor stage. Depending on the design of the impeller and its matching to the diffuser, the diffuser can be the component limiting the operating range of the compressor between choke and stall. Radial diffusers can be grouped into two general classes: vaneless and vaned. High-performance centrifugal compressors (in, for example, aircraft engines) make use of vaned diffusers. These have a smaller exit-radius for a given level of diffusion and generally a higher pressure recovery coefficient than the vaneless type, in spite of operating over a relatively narrower range of stable operation.
Part I of this paper is concerned with one special type of vaned diffuser, the discrete-passage diffuser, developed by General Electric Company. Its design is characterized by straight centerline passages which are circular in cross section (and conical in form) from the diffuser inlet to the diffuser throat and then transition to a nearly-rectangular cross section between the throat and diffuser exit (Fig. 1) . Between the diffuser inlet and the throat, the intersection of the conical passages forms a quasivaneless space with highly swept back cusp-like leading edges. The quasi-vaneless space is designed to diffuse supersonic inlet flow, and the throat area determines the maximum flow rate of the diffuser. Although discrete-passage diffusers are used in various centrifugal compressor applications, little data about their design and performance exist in the open literature. Even though the impact of the diffuser is well known, the flow in diffusers of centrifugal turbomachines, which can be severely distorted in both space and time, is not sufficiently understood for many design and development purposes. The impact of vaned diffusers on performance and operating range of a centrifugal compressor stage can depend upon such parameters as Mach number, inlet flow angle, turbulence, blockage, and impeller exit flow non-uniformities. Still more important is the matching of diffuser to the impeller. Until recently the centrifugal compressor impeller and diffuser were considered separately in the design process and the influences of impeller exit flow and impeller-diffuser interaction were not taken into account. Furthermore centrifugal compressor vaned diffuser design has been based on data from single channel diffuser investigations. The current state of the art employs empirical information to obtain a good diffuser-impeller combination, but the open literature does not show evidence for the relative merits of discretepassage type or straight-channel type diffusers and this paper here seeks to correct this.
Background
The diffuser is one of the most comprehensively studied components of fluid mechanics and the extensive literature has been summarized by Japikse (1996) and (1984) . Most of the diffuser studies in the open literature have focused on single (individual) diffuser channels, with comparatively uniform inlet flows of a largely steady nature. Based on the work of many investigators, it was concluded by Japikse (1987) that three fluid dynamic parameters must be known to specify the performance of a diffuser: the inlet blockage, the shape of the velocity profile entering the diffuser, and the turbulence scale and intensity at the diffuser inlet.
Blockage is the area equivalent to displacement thickness of a boundary layer in the diffuser inlet flow area. Based on the investigations for single channel diffusers, diffuser pressure recovery decreases as inlet blockage increases. No general convention has been developed to specify the inlet velocity profile to a diffuser, although different inlet profiles, simple skewed and/or highly distorted, have been considered and reported in the open literature for single channel diffusers. In most of the investigations, distorted mean-velocity inlet profiles decreased diffuser pressure recovery. The influence of the turbulence on the diffuser performance is scarcely investigated in the open literature.
The situation is less well mapped and understood for centrifugal compressor diffusers. Some key points for vaned diffusers in centrifugal compressors can be summarized as follows:
(1) The inlet conditions of a centrifugal compressor diffuser are determined by the impeller with highly distorted distributions in both axial (hub to shroud) and circumferential (blade to blade) directions, and vary with the impeller operating point. Knowledge about the influence of blockage or inlet velocity distribution for single channel diffusers is not directly applicable to centrifugal compressor diffusers.
(2) Studies using a single diffuser channel do not give information on the flow mechanisms within the vaneless or quasivaneless spaces of a centrifugal compressor diffuser. Previous investigators have suggested that the flow phenomena in these regions are critical factors for stage stability (Hunziker and Gyarmathy (1993) ) and pressure recovery (e.g. Elder and Gill (1984) , Inoue and Cumpsty (1984) ).
(3) Additional geometric parameters, compared to single diffuser channel flow, must be considered in the case of a centrifugal compressor diffuser. These include vaneless space radius ratio, vane number, geometry and sharpness of the vane leading edges, and the effect of downstream conditions. Information concerning the overall performance of different type of vaned diffusers and diffuser subcomponents can be found in the open literature (e.g. Hunziker and Gyarmathy (1993) , Haupt et al. (1988) , Clements (1987) , Japikse and Osborne (1986) , Stein and Rautenberg (1985) , Kano et al. (1982) , Rodgers (1982) , Yoshinaga et al. (1980), and Kenny (1972) ). A distorted, nonuniform flow field was observed at the diffuser inlet in almost all of these investigations, but the influence of flow non-uniformities at the impeller exit on centrifugal compressor vaned diffuser performance and operating range has not been adequately investigated. The phenomenon of non-uniform flow leaving a centrifugal compressor impeller has been extensively considered both in connection with the study of the behavior of the impeller itself (jet-wake flow) and the behavior of vaneless diffuser.
Of particular relevance is a detailed experimental study of impeller exit flow and impeller-vaned diffuser interaction published by Krain (1981) . Periodic flow unsteadiness was observed in the diffuser inlet region with temporal variations of inlet flow angle, of the order of 10°-15°, and axial variations from hub to shroud, of the order of 20°-25°. In a subsequent paper Krain (1984) presented laser measurements downstream of the diffuser throat. Despite the large periodic unsteadiness at the impeller exit and non-uniform inlet conditions at diffuser inlet, levels of unsteadiness decreased rapidly downstream of the throat and the diffuser revealed a good overall pressure recovery. The CFD (Computational Fluid Dynamics) calculations on Krain's centrifugal compressor carried out by Dawes (1994) showed similar results with no significant influence of the unsteady, circumferential variation of the impeller exit flow on the vaned diffuser pressure recovery performance.
Two additional results covering the circumferential variation are worth noting. Inoue and Cumpsty (1984) focused on the influence of impeller exit flow unsteadiness and circumferential non-uniformity on the vaned diffuser performance. They found that the circumferential distortion from the impeller was attenuated very rapidly in the inlet region of the diffuser vanes and had only minor effects on the flow inside the vaned diffuser. Earlier Baghdadi (1976) compared the performance and stability of a radial wedge type diffuser (i.e. a straight-channel diffuser) using the vortex-nozzle swirling flow generator (having no moving parts and producing stationary wakes into the diffuser) tested by Baghdadi and McDonald (1975) , with tests obtained with the same diffuser in actual centrifugal compressor stage. Diffuser performance and stability for the two cases were found to agree within the range of experimental accuracy. Since the vortex nozzle produced a circumferentially uniform flow, while the impeller produced a distorted jet-wake type flow at the diffuser inlet, it was concluded that the vaned diffuser performance is insensitive to the jet-wake structure of the impeller exit flow and the vaned diffusers were well able to cope with the flow nonuniformity and unsteadiness from the impeller. It was suggested that a combination of rapid mixing and the high frequency of the unsteadiness were responsible for the observed insensitivity of diffuser to the circumferential non-uniformities at the inlet.
Numerical methods for centrifugal compressor vaned diffuser design and detailed analysis of unsteady impeller-diffuser interaction are currently under development. Casey et al. (1995b) , Dawes (1994) , Dalbert et al. (1993 ), Teipel et al. (1992 have reported on this. The calculations need to be compared with experimental data to verify their predictive value and there is a shortage of relevant data in the open literature, which could allow such a comparison, particularly including the influence of impeller exit flow non-uniformities on vaned diffuser performance and impeller-diffuser interaction.
Objectives
In Part 1 of this paper we examine the influence of diffuser inlet Mach number, flow angle, and axial flow non-uniformity on the performance and operating range of discrete-passage diffusers. Different methods of averaging the measured non-uniform flow field distributions at diffuser inlet to determine appropriate diffuser performance characterization parameters are considered in section 2. The experimental apparatus is described in section 3 and in section 4 the definitions of performance parameters are given. The experimental results are presented in section 5, followed by the summary and conclusions in section 6. The behavior of the straight-channel diffuser is addressed in the following Part 2. The experiments described here were made over a period of about eight years, beginning with the 30 passage discrete-passage diffuser. Over this time the procedure was altered and the ideas were modified. It was therefore not always possible to present some of the earlier data in the same way as that selected for the later data, in particular the method used for the straight-channel diffuser in Part 2.
DIFFERENT AVERAGING METHODS
In examining the effect of inlet non-uniformities it is first necessary to define what is meant by diffuser performance. A number of different correlating parameters have been used to characterize diffuser behavior. Even for single channel diffusers much of the data in the open literature were not based on diffuser inlet (or impeller exit) traverses. This has resulted in ambiguous information on the diffuser inlet conditions. Static pressure is comparatively easy to measure in most diffuser configurations using wall mounted static pressure taps, but to define the diffuser performance the inlet stagnation pressure distribution is needed. In some examples in the open literature, the inlet stagnation pressure is taken to be the value at the middle of the diffuser depth, while in others an averaged value is used, normally based on area or mass flow. In some cases the inlet stagnation pressure is estimated from compressor input power and flow rate. As pointed out by Klein (1981) , there is often not enough information to compare one definition to another, limiting the generality of the available data. To establish definitive values of the pressure recovery for a diffuser, detailed measurements across the inlet, with suitable numerical averaging across the entire flow field are required.
The pressure recovery coefficient, Cp, defined as the static pressure rise through the diffuser divided by the inlet dynamic pressure, is the most frequently used diffuser performance parameter. This parameter indicates the fraction of the dynamic pressure at the inlet of the diffuser converted into static pressure by the diffuser.
(1)
Ptl -Psi
In Eq.
(1) Ps1 , and Ps2 are mean values of static pressures at the diffuser inlet and exit. The static pressure at the diffuser inlet and exit is generally uniform enough so that the problem of defining the pressure recovery coefficient, Cp, is essentially a matter of assigning an appropriate value of total pressure, Ptl, for a non-uniform diffuser inlet flow.
Previous researchers have presented diffuser performance data based on various different definitions of the diffuser inlet dynamic pressure: area-averaged dynamic pressure (Al Mudhafaret al. (1982) and Bhinder et al. (1984) ), area-averaged velocity (Wolf and Johnston (1969)), mass-averaged dynamic pressure (Masuda et al. (1971) ), mass-averaged total pressure (Baghdadi (1976) ) and dynamic pressure based on the potential core centerline total pressure (Runstadler et al. (1975) and Dutton et al. (1986) ). The extent of the test data from Runstadler et al. (1975) has caused the use of the centerline velocity to become the most widespread basis of defining the inlet dynamic pressure.
The different methods of specifying the diffuser inlet dynamic pressure make the interpretation, comparison, and generalization of the data of the different diffuser investigations difficult. Filipenco (1991) defined the pressure recovery coefficient in terms of availability-averaged inlet total pressure (Livesey and Hugh (1966) ), based on addressing the following question: given a non-uniform flow entering the diffuser, what is the maximum static pressure which could theoretically be attained without external work or heat interactions? This is the pressure, which would be attained in a hypothetical ideal device through a reversible, adiabatic, zero work process that ends in a uniform zerovelocity state. Such a process conserves the net thermodynamic availability of the flow and an appropriate designation of the final total pressure attained is the "availability-averaged" total pressure, P.
The availability-averaged total pressure, P t., at the diffuser inlet is defined as; and the availability-averaged pressure recovery coefficient is;
with the denominator defined as the diffuser inlet availabilityaveraged dynamic pressure. Among these different definitions of Cp (or diffuser inlet dynamic pressure) mentioned above, Cp W, is the most physically appropriate one to be used as a diffuser pressure recovery performance.
A closely similar, but more familiar, parameter is based on the mass-averaged total pressure at the diffuser inlet, P tl , defined as:
This can be used in Eq. (1) to define the mass-averaged pressure recovery coefficient.
For an ideal incompressible fluid, the availability-averaged total pressure is equal to the mass-averaged total pressure. In the present experiments, the diffuser inlet dynamic pressure based on the inlet mass-averaged total pressure was in the most extreme case 1.6% greater than the dynamic pressure based on the availability averaged total pressure. This variation is smaller than the scatter in most of the data, so that the mass-averaged pressure recovery coefficient is adequate as an appropriate measure. It will be shown that use of this parameter allows collapse of data at different levels of non-uniformity to a single curve.
EXPERIMENTAL APPARATUS 3.1 Overall Test Facility Description
The experimental apparatus for radial diffuser investigations was designed to provide a controlled inlet flow to a centrifugal compressor diffuser. The diffuser inlet conditions accessible included Mach numbers greater than unity with high degree of swirl (flow angle 63°-75° measured from radial direction). Control of the boundary layer properties on the hub and shroud was possible, giving inlet blockage up to B = 0.35 and diffuser inlet velocity profile axial distortion. The ranges cover those reported to be encountered at the diffuser inlet in actual centrifugal corn- pressors by, for example, Hunziker and Gyarmathy (1993) , Japikse and Osborne (1986), Nishida (1984), and Kenny (1972) . In these studies the blockage, B, at the centrifugal compressor impeller exit were calculated in a range from 0.10 to 0.37.
The facility consists of a specially designed impeller (swirl generator) which can deliver an axisymmetric, transonic flow into a test section in which different radial diffusers can be installed. Some salient facility dimensions are listed in Table 1 . Downstream of the diffuser the flow exits to a plenum, followed by a throttle; a slave compressor downstream of the throttle valve can be activated to decrease diffuser back pressure if needed. The mass flow rate can be varied by the throttle valve and measured by a venturi-type flow meter located in the rig exit pipe, with a commercial flow straightener located ten pipe diameters upstream of the venturi. The overall facility scheme is shown in Fig. 2 . The discrete-passage diffusers, which were supplied by General Electric Aircraft Engines, had at the inlet a span, b, (in the axial direction) of 9.0 mm and this was selected as the nominal span of the impeller and vaneless space.
To minimize the wakes of the impeller blades, the impeller (swirl generator) shown in Fig. 3 , has 71 lightly loaded, highsolidity forward leaning blades. The design is such as to produce a static pressure drop through the blade row. The impeller exit flow circumferential non-uniformity in static pressure does not exceed 2.0% of the average inlet dynamic pressure in the worst case and is considerably smaller than this in most situations. It was thus sufficient to measure diffuser inlet total pressure and flow angle axial distributions at only one circumferential location. The impeller speed could be varied to 6500 RPM and was measured by means of a digital readout tachometer. No flow instabilities were encountered in the impeller over the operating range of interest.
The diffuser inlet boundary layer blockage and flow distortion are controlled using continuous circumferential slots immediately upstream and downstream of the impeller in the hub and shroud stationary walls. Each slot is independently connected to a flow control system through an array of passages and manifolds, so that air can either be injected or removed from the main flow. Figure 4 provides a schematic of the axial flow injection/ suction slots and manifolds. Using a combination of injection and/or suction through these slots, a wide range of diffuser inlet blockage and axial velocity profile distortion may be obtained. The baseline (no air injection and/or suction) distributions of Mach number and flow angle at the diffuser inlet, which are almost symmetric about the axial. centerline of the diffuser, are shown in Fig. 5 . Figure 5 also shows examples of Mach number and flow angle distributions with injection and suction. Here, x = 0 corresponds to the wall on the same side of the labyrinth seal, which can be seen in Fig. 4 . Two discrete-passage diffusers of similar geometry but differing in the number of passages (30 and 38) were investigated. Both were originally designed to work with the same centrifugal compressor impeller in a turboshaft gas turbine engine by General Electric Aircraft Engines. The salient parameters of the discrete-passage test diffusers are listed in Table 2 .
The test diffusers were mounted in the diffuser housing with a 1.10 radius ratio vaneless space between impeller exit and the diffuser inlet. Further details of construction and operation of the test facility are described by Filipenco (1991) and Johnston (1993). 
Instrumentation
The test program includes wall static pressure measurements along the diffuser centerline, at the diffuser inlet and exit, and in the vaneless and quasi-vaneless spaces; temperature measurements at impeller inlet and diffuser exit, as well as total pressure, and flow angle measurements at the diffuser inlet.
To determine diffuser inlet Mach number and flow angle profiles, a rotatable cylindrical single-hole total-pressure/flow angle-probe axially spanning the inlet of the test diffuser was used at one circumferential position (6 = 0°). A single hole probe was used to minimize probe diameter and thus the effect of the probe on the diffuser inlet flow field. The probe consisted of a I mm diameter stainless steel tube with a 0.23 mm diameter sensing hole radially drilled through one wall. With the probe positioned in a cross-flow, the probe is rotated around its axis. For the expected 65°-75° inlet flow angle range, the probe was rotated over a range of 40°-115° in 5° steps. The maximum output pressure occurs when the sensing hole faces directly into the flow and determination of the flow angle, a, is made by finding the centroid of the measured total pressure versus flow angle curve. A second order polynomial fit through a symmetrical subset of the pressure reading versus probe-angle test data was used for this purpose. A fifth order polynomial fit, which represents the pressure distribution more accurately, was then used to determine the total pressure. Flow angle and total pressure were measured at fifteen axial points. Rated angular positioning linearity is to within 0.2° and the rated axial traverse positioning accuracy is to within 0.025 mm. All traverse/angle set points were approached from the same direction to avoid hysteresis error.
One diffuser channel was instrumented with an array of static pressure taps to measure the static pressure distribution on the different subcomponents of the diffuser. Since the quasi-vaneless space of the diffuser is considered to be important in determining diffuser performance and stability, additional static pressure taps were placed in the vaneless and quasi-vaneless spaces. The locations of the static pressure taps in one diffuser channel are shown in Part 2 (Fig. 2) for the straight-channel diffuser and they are similar to those of the discrete-passage diffusers. To measure the circumferential variation of the static pressure at the impeller exit, 10 taps were placed on each of the rear and front walls in the vaneless space at a radius of 1.05 impeller exit radii. Static pressure distribution at the diffuser exit was also measured with 5 taps placed on each of the rear and front walls. Measurements of the main plenum pressure and all steady state pressures in the diffuser test rig, including the vaneless space, the quasi-vaneless space and diffuser channel, were carried out using of a single Druck type PDCR-23D±5 psid pressure transducer, multiplexed to the various pressure taps by means of a Scanivalve. The rated combined non-linearity, hysteresis, and repeatability of this transducer is within ±0.04 % of full scale.
Temperature was measured at the test rig inlet (ambient temperature), at the exit of the test diffuser at diffuser axial midposition and at the exit of the venturi flow meter. The Mach number at diffuser exit is low, typically less than 0.20 so no recovery corrections were applied to the measured temperature at the diffuser exit. The flow between impeller exit and plenum is assumed adiabatic and uniform stagnation temperature. Calibrations of the temperature sensors gave an estimated overall accuracy to within ±I °K, or less than 0.2% over the temperature range of the investigations.
Three Kulite high frequency response pressure transducers were flush mounted in the vaneless space and one Kulite high frequency response pressure transducer was mounted in the plenum wall for the monitoring of rotating stall and surge.
Measured mass flow rate, rh, and impeller speed, N, were corrected to 101.3 kPa reference pressure and 288.15°K reference temperature.
DEFINITION of PARAMETERS
Station 0 denotes impeller inlet, station I diffuser inlet radius, station 2 diffuser exit radius, and station 3 the plenum after the diffuser exit and station th denotes the throat of the diffuser. The axial direction is taken from the front wall where x = 0, to the rear wall where x = b. The flow angle, a, is defined as the angle from the radial direction. At each steady-state operating point, the values of the diffuser inlet total pressure profile, and flow angle were measured at one tangential location (9=0°) and at fifteen axially distributed points. The gradients of the flow field parameters are larger near the diffuser walls than the center plane so that closer spacing was used in the former. Diffuser performance was assessed in terms of inlet parameters calculated from this traverse data.
The Mach number profile at the diffuser inlet, M 1 (x), was determined from distribution of total pressure, Pt(x), and inlet static pressure at that position. Using the Mach number distribution at the diffuser inlet a mass-averaged inlet Mach number is calculated. To assess the data consistency, comparison was made between the measured mass flow rate using the venturi flow meter and the mass flow rate calculated from integration of the diffuser inlet traverse data. Agreement was within ±5%, which was judged satisfactory.
It is necessary to have a consistent and reliable way of defining and determining the average inlet flow angle to the diffuser. The average diffuser inlet flow angle, a 1 , is defined in terms of tangential and radial mass-averaged velocities at the diffuser inlet as: 
IP1Vr1 2nr1dx
0 Since the mass-averaged tangential and radial velocities represent the tangential and radial momentum of the diffuser inlet flow, the average flow angle given by Eq. (5) is termed as "momentum-averaged" flow angle, which is used in all the diagrams in the entire paper. Another way of defining inlet flow angle is by mass averaging of the measured inlet flow angle axial distribution. In the present experiments differences between the momentum-averaged and mass-averaged flow angles were smaller than 0.3°. This is small but should not be dismissed as negligible since the range of inlet flow angle between maximum flow rate and stall could be only 5 degrees.
Diffuser inlet flow angle non-uniformity, an, is defined as the root mean square (rms) deviation of the local flow angle, a, from the momentum-averaged value, &:
Based on information from single channel diffuser investigations, blockage is generally considered to have an important effect on radial diffuser pressure recovery, with pressure recovery decreasing as inlet blockage increases. The diffuser inlet blockage is defined as:
In Eq. (9), Ageomemc is the geometrical area at the diffuser inlet radius and Aeffective is the area effectively used by the flow.
Aeffective was calculated using the static pressure and the massaveraged total pressure at the diffuser inlet.
In addition to the average diffuser inlet flow field quantities, various parameters were used to quantify the severity of the inlet flow field non-uniformity; inlet flow direction and blockage were referred to above. Detailed description and presentation of inlet flow field profiles in terms of distortion and skew parameters of mass, momentum, energy, and flow angle for the investigated discrete-passage diffusers can be found in Filipenco (1991) and Johnston (1993) . For the investigations with discrete-passage diffusers the blockage at the diffuser inlet is quantified with the "mass-flux deficit", am:
The parameter, Sm, in Eq. (10) is essentially the displacement thickness at the diffuser inlet and gives the fraction of the mass flow "lost" relative to the mass flow which would have been attained if the profile were uniform with a value of velocity and flow angle corresponding to the local maximum value of mass-flux within the diffuser inlet. The mass-flux deficit values for 30 and 38 passage discrete-passage diffusers were 0.13-0.35 and 0.05-0.45, respectively. These ranges of mass -flux deficit, and skew achieved includes values above and below of those produced by typical centrifugal compressor impellers. The diffuser inlet Mach number investigated ranged from 0.1 up to 1.1. The Reynolds numbers (based on the diffuser inlet depth, b, and the inlet mass-averaged properties) were in the range of 1.2-9.2 X104. The performance of the impeller was initially measured using a 1.20 radius ratio vaneless diffuser.
Using the data from the wall static pressure taps along the axial projection of the diffuser passage centerline, the static pressure coefficient along the diffuser centerline, Cp(i_jL), is defined as:
In Eq. (11), Pt1 is `mass-averaged" diffuser inlet total pressure.
RESULTS
A range of operating points along constant corrected speed lines were set up, from maximum flow rate to the onset of the flow instability in the diffuser, with various combinations of profile control slot injection/suction (including no injection/suction) to obtain a range of diffuser inlet Mach number, flow angle, profile distortion and skew.
At each impeller corrected speed the minimum flow limit was marked by the breakdown of the axisymmetric flow regime in the impeller/diffuser; this was signaled by an audible blowdown of the plenum through the impeller inlet and also measured with high frequency response pressure transducers.
Diffuser Inlet Flow Distributions
Diffuser inlet traverse data was obtained at corrected impeller speeds of 2000, 4000, and 6000 RPM, first with the inlet flow field as uniform as possible, generally without slot injection/ suction. The experiments were then repeated with progressively increased slot injection/suction to produce increasingly skewed diffuser inlet profiles. Examples of diffuser inlet flow angle and Mach number axial profiles are shown in Fig. 5 .
Diffuser Performance as a Function of Inlet Flow Angle ,

Distortion, and Mach Number
For the 30 passage discrete-passage diffuser, the overall diffuser pressure recovery coefficient, based on different averaging methods for the diffuser inlet flow field distributions, is plotted in Fig. 6a-d as a function of momentum-averaged flow angle at diffuser inlet (as defined by Eq. (5)). The curves, which are for constant corrected impeller speeds, go from maximum flow rate (on the left) to stall (on the right). Figure 6a -d contains all the operating points, with and without injection/suction, (i.e. some with high blockage and high skew). Availability-Averaged Pressure Recovery Coefficient. In Fig. 6a , the diffuser overall pressure recovery coefficient, based on the availability-average of inlet stagnation pressure as defined by Eq. (3) correlates well with the momentum-averaged inlet flow angle over most of the diffuser operating range except for the three leftmost points which are caused by choking of the diffuser throat. These points will be discussed below (see section 5.4). The diffuser pressure recovery increases monotonically with increasing inlet flow angle, almost independent of inlet flow field axial distortion and diffuser inlet Mach number.
Mass-Averaged Pressure Recovery Coefficient . Although Fig. 6a is based on availability-averaged inlet dynamic pressure, the plots would be almost identical if the pressure recovery coefficient were based on mass-averaged inlet dynamic pressure. (As stated the discrepancy between availability-averaged and massaveraged inlet dynamic pressure was never greater than 1.6%, smaller than the scatter in the data).
Other Averaging Methods for Pressure Recovery Coefficiient. For comparison, Figures 6b, 6c and 6d show same data as in Fig. 6a but plotted in terms of diffuser pressure recovery coefficient based on alternative definitions of the measured diffuser inlet total pressure, as mentioned before (see section 2). In Fig.  6b , the discrete-passage diffuser overall pressure recovery coefficient, Cpa, is based on the area-averaged dynamic pressure at inlet. In this case, insensitivity to Mach number is still observed but the increase in diffuser inlet flow field distortion, due to injection/suction, results in an increase in diffuser pressure recovery. Figure 6c shows the data plotted in terms of a pressure recovery coefficient, CPb, based on the peak value of the dynamic pressure at diffuser inlet. There is increased sensitivity of the diffuser pressure recovery to inlet conditions, with a decrease in pressure recovery as inlet flow field distortion increases. Figure  6d shows the diffuser pressure recovery coefficient, Cp c , based on area-averaged velocity at diffuser inlet. A strong dependence of the diffuser pressure recovery performance on inlet flow field distortion is observed and an increase of diffuser inlet Mach number is seen to result in an increase of the diffuser pressure recovery coefficient.
Comparison of the Figures 6a through 6d shows that use of different diffuser pressure recovery parameters which have been used by various investigators for correlating diffuser performance data can lead to different conclusions on the effect of inlet flow field distortion and Mach number on diffuser pressure recovery. The results show that when pressure recovery coefficient is based on availability and/or mass-averaged inlet total pressure the average flow angle at diffuser inlet is, overwhelmingly, the most important variable; inlet blockage, skew and Mach number have only minor effects. Figure 7 presents a summary plot of measurements for both the 30 and 38 passage diffusers and for three constant corrected impeller speeds. This plot contains data obtained using the pressure recovery coefficient based on the availability-averaged inlet total pressure with and without injection/suction at diffuser inlet. Both diffusers show the comparable level of pressure recovery and range of unstalled operation and both are similarly insensitive to inlet flow field distortion and Mach number.
Diffuser Stalling Condition
Stall of the discrete-passage diffuser occurs at a momentum-averaged flow angle (a, ;t = 73•5 0 ± 0.5° ) independent, to within experimental error, of the inlet flow field axial distortion and diffuser inlet Mach number. Using a total pressure/flow angle probe at diffuser inlet can change the stall onset of the diffuser and/or overall test rig and a test was therefore carried out at 4000 RPM with the 38 passage diffuser in which the total pressure/ flow angle probe was removed. This was with no injection/suction, because with the total pressure/flow angle probe removed there is uncertainty in inlet conditions; comparisons without injection/suction are less subject to this uncertainty. The diffuser pressure recovery was found to be unaffected by the removal of the probe but rotating stall was found to occur at a mass flow 10% smaller than with the probe present, showing that the block- age due to even this small probe can have a noticeable effect on diffuser operating range. From this decrease in mass flow, one can estimate the change in inlet flow angle, assuming circumferential symmetry and an axial profile identical to that with the probe present. If this is done the stall point is increased by 0.45°c ompared to with the probe present.
Static Pressure Distribution in Diffuser Passage and in Quasi-Vaneless Space
The static pressure distributions along the axis of an individual diffuser passage (30 passage diffuser) are shown in Fig. 8 for two corrected impeller speeds 2000 and 6000 RPM, for inlet flow angles from the minimum up to that just prior to stall. The static pressure in this figure is represented by the pressure coefficient defined in Eq. (11) with inlet dynamic pressure based on the mass-averaged total pressure. The maximum diffuser pressure recovery is achieved, for all corrected impeller speeds, at flow angles just prior to rotating stall. At this flow angle, over 90% of the overall static pressure rise occurs within the first 60% of the diffuser passage length. This trend of pressure rise is similar in most other operating points (flow angles) shown in Fig. 8 except for the choked condition.
For low flow angles, the diffuser pressure recovery upstream of the diffuser throat (i;/L. = 0.40) decreases at 2000 RPM and the overall diffuser pressure recovery is thus small (see also Fig.  6a ). For these cases the diffuser inlet flow angle is less than the diffuser throat centerline angle and the flow must accelerate as it approaches the throat. The large static pressure drop upstream of the diffuser throat occurs at 2000 RPM for the lowest flow angle (a 1 = 67.9°), because the velocity becomes sonic at throat and the diffuser chokes. In Fig. 6a , the three points with the lowest pressure recovery values all have low diffuser inlet flow angles and Mach numbers between 0.7 and 0.9 at the diffuser inlet. For these three points, flow acceleration as it approaches the throat produces sonic velocity at the throat. For the other points with low diffuser inlet flow angles in Fig. 6a , the Mach numbers at the diffuser inlet are smaller than 0.7 and therefore choking did not occur, even with acceleration of the flow between the diffuser inlet and throat.
Choking was not observed in the 38 passage discrete-passage diffuser (nor was it observed in the straight-channel diffuser described in Part 2). Figure 7 shows that the 38 passage discrete-passage diffuser did not choke in the low diffuser inlet flow angle region, because the Mach number at the diffuser inlet was not high enough at these data points. During the investigations with the 30 passage discrete-passage diffuser a slave compressor downstream of the test rig (see Fig. 2 ) was used and data points with high Mach numbers at the diffuser inlet were obtained in the low diffuser inlet flow angle region, even with low impeller rotational speed. The slave compressor could not be used during the experiments with 38 passage discrete-passage diffuser or the straight-channel diffuser and as a consequence the Mach numbers at the inlet of these diffusers remained low at low rotational speeds. Furthermore for the 38 passage discretepassage diffuser and straight-channel diffuser, measurements with high Mach numbers at the diffuser inlet are all with the diffuser inlet flow angles equal or greater than the throat centerline angle so that the flow is decelerated as it approaches the throat, and no choking at the throat is observed. It should be noted that the average diffuser inlet flow angle at the operating points shown in Figures 6 and 7 are a function of the impeller rotational speed, overall pressure ratio across the machine and the level of injection/suction applied in the vaneless space. Air injection/suction system brings an additional degree of freedom for determination of diffuser inlet flow angle in the test rig used for this study. By introducing air injection, with high plenum back pressure, a small diffuser inlet average flow angle can be obtained without choking the diffuser.
The static pressure distribution in the quasi-vaneless space of the discrete-passage diffuser (as shown in detail by Filipenco (1991)) depends on the diffuser operating point (flow angle) rather than diffuser inlet Mach number, because the distributions are similar for all investigated corrected impeller speeds. There is a loading on the leading-edge cusps in the quasi-vaneless space with a consistent reversal of the loading from diffuser choke to stall over the range of diffuser inlet Mach numbers investigated.
In addition, at any given operating point, there is a reversal of the loading across the leading edge cusps along the axial direction of the passage between the diffuser inlet and the throat. Near maximum flow rate (low flow angles), the pressure and suction surfaces of the leading edge cusps near the diffuser inlet are loaded so higher pressure is on the pressure surface, while near the throat the loading is reversed. At the near stall point (high flow angles), the situation reverses, with higher pressure on the suction surface immediately at the diffuser inlet and opposite loading near the throat. This trend was found independent of inlet distortion.
It is hypothesed that mixing in the diffuser inlet region (e.g. in quasi-vaneless space and throat region) plays a major role in the observed insensitivity of the test diffuser performance to inlet flow field distortion. Filipenco (1991) has presented some basic calculations to support this. In the diffuser inlet region, the flow undergoes a transition from a nearly tangential swirling flow to a channel flow in the diffuser passage. The experimental investigations by Krain (1984) and Casey et al. (1995a) showed that the highly distorted impeller exit flow in both the circumferential and axial directions was almost wholly attenuated after the throat in channel part of the vaned diffuser, also indicating a rapid mixing process in the diffuser inlet region (in vaneless and quasi-vaneless spaces).
SUMMARY and CONCLUSIONS
A test facility was developed for the study of centrifugal compressor diffuser performance over a wide range of diffuser inlet conditions. The facility allows for inlet Mach numbers up to unity with inlet flow angles of 63° to 75 0 from radial. Injection and/or suction in the vaneless space between the impeller exit and diffuser inlet allows the flow field entering the diffuser to be varied. The range of diffuser inlet blockage and axial flow non-uniformity achieved includes values above and below those produced by typical centrifugal compressor impellers.
Alternative definitions of diffuser overall pressure recovery coefficient for cases of non-uniform diffuser inlet conditions were examined and a definition of diffuser pressure recovery coefficient based on diffuser inlet availability-averaged total pressure was found to be most appropriate. The numerical results using availability averaging agreed closely (maximum 1.6% difference in inlet dynamic pressure) with the more widely used mass-averaged results. Pressure recovery coefficients based on mass-averaged inlet dynamic pressure will thus be adequate for most practical purposes and will be used for presenting results in Part 2 of this paper.
For both of the discrete-passage diffusers investigated, the overall diffuser pressure recovery coefficient based on the availability-averaged (or the mass-averaged) diffuser inlet total pressure depends essentially on diffuser inlet momentum-averaged flow angle. The pressure recovery coefficient defined in this way is nearly independent of inlet flow field axial distortion and Mach number.
The pressure recovery performance of the two discrete-passage diffusers tested with 30 and 38 passages, was virtually identical. For both diffusers, the stable, axisymmetric flow entered rotating stall at a critical value of momentum-averaged flow angle into the diffuser, independent of the diffuser inlet flow field distortion and Mach number.
The static pressure coefficient distribution in the quasivaneless space suggests that mixing in the diffuser inlet region plays an important role in the observed insensitivity of the pressure recovery performance to inlet flow field distortion.
